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Energy dependence of the y-absorption coefficient

(Item No.: P2524215)

Curricular Relevance

Subtopic: Experiment:
Topic: s Energy dependence
. Nuclear Physics - .
Modern Physics RadioACHViEy, of the y-absorption
coefficient with MCA

Difficulty Preparation Time Execution Time Recommended Group Size

oS, T™ OOBOO QOLDLDE B84 24

Difficult 1 Hour 2 Hours 2 Students

Additional Requirements: Experiment Variations:
e PC
Keywords:

Compton scattering, photoelectric effect, pair production, absorption coefficient, radioactive decay, gamma-spectroscopy

Overview

Short description

Principle

The intensity of «y-radiation decreases when it passes through solid matter. The attenuation can be the result of Compton
scattering, the photoelectric effect or the pair production. An absorption coefficient can be attributed to each of the three
phenomena. These absorption coefficients, as well as the total absorption, are highly energy-dependent. The energy
dependence of the total absorption coefficient for aluminium is measured in the range below 1.3 MeV.

Fig. 1: Experimental set-up.
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Equipment
Position No. Material Order No. Quantity
1 Multichannel analyser 13727-99 1
2 measure Software multi channel analyser 14452-61 1
3 Radioactive source Am-241, 370 kBq 09090-11 1
4 Radioactive source Na-22, 74 kBq 09047-52 1
5 Gamma detector 09101-00 1
6 High Precision Power Supply 1.5 kV DC 09107-99 1
7 High-voltage connecting cable 09101-10 1
8 Base plate for radioactivity 09200-00 1
9 Plate holder on fixing magnet 09203-00 1
10 Lab jack, 160 x 130 mm 02074-00 1
11 Vernier calliper stainless steel 0-160 mm, 1/20{03010-00 1
12 Source holder on fixing magnet 09202-00 1
13 Absorption material, aluminium 09029-03 1
14 Screened cable, BNC, | = 750 mm 07542-11 1
Tasks

1. Record spectra of the isotopes 22Na, and 241Am and determine useful energy windows for the absorption experiment.

2. Record the number of incidents during a fixed time in a chosen energy window (integration measurement) in dependence
on absorber layer thickness between source and detector for different energy windows.
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Setup and Procedure

Set up the experiment as shown in Fig. 1. Before turning on the operating unit for the scintillation counter, connect the high
voltage cable correctly to operating unit and photomultiplier and read the instructions in the manual of the gamma-detector. Set
the voltage of the operating unit to 1.0 kV. Connect the MCA to the computer's USB port and start the "measure" program. Select
the Gauge "Multi Channel Analyzer" and you will receive the start window, as shown in Fig. 2. For recording of spectra you may

bring one of the sources in direct vicinity to the detector - for the 370 kBqg source you better keep some distance since the
counting rate should not exceed 800 cts/s by far.

1. Start with the 22Na source. Select "Spectra recording" (see Fig. 2) amd click on "Continue". Set the "Gain" to "Level 1",
choose "Channel number" as x-Data (see Fig. 3) and start data recording. The 1275 keV peak should be observable in full

at the high energy end of the spectrum, as shown in Fig.3. If not, alter the high voltage setting on the detector operating
unit. After adjustment of the high voltage leave it unchanged throughout the experiment.

‘Please select the measurement mode

(™ Single channel analyser
" Integration measurement
(™ Settings and Calibration

“Description
Allows to record spectra using the multi channel mode. The

recorded spectra can the be transferred to the measure
software for post processing.

Continue I Cancel

Fig. 2: Start window of the MCA.

2. Note down the channel number ranges of the 511 keV annihilation peak and the 1275 keV “y-peak - the windows you are to
determine may be as broad as the photo peaks are. Use the "Mark" tool & on the lower left of the window for channel

evaluation. Then set the amplification to "Level 4" and record a spectrum of 241Am - the y-peak at 60 keV is also suitable
for the measurement, as shown in Fig. 4. The chosen window in Fig.4 might be channel 430 to channel 760.
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Fig. 4: Window for spectrum recording - here the spectrum of 241-Am with gain level 4.

3. Now start the Gauge "Multi Channel Analyzer" again and choose the program part "Integration measurement" from the
start window of the MCA (see Fig. 2) and you will receive the integration measurement window, as shown in Fig. 5. Select a
source and set the lower and upper limit of the channel to the values you have determined for the peak of interest before.
Select a gate time of at least 60 s. Check radiation and photomultiplier dark count rate background in the chosen window
to be negligible by performing one measurement without a source and delete the data. Then place the source about at
least 15 cm from the detector and make sure, that source and detector are well aligned.

Place aluminium absorber layers in steps of e.g. 5 mm midway between source and middle point of the detector crystal
without moving source or detector (placing thin absorbers into the plate holder and thick absorbers onto the supporting
blocks) and perform measurements for layers up to 25 mm. The geometry is of importance because scattering on the
metal crystal lattice occours and the counting rate may be altered by the presence of metal even without absorption or
Compton-scattering. Change the x-data in the data table of the integration measurement window from number to the
appropriate values in mm. Then click on the "Accept data" button. An example of the measurement is shown in Fig. 6
below.

In the measure program use the "Display optinons" button to set the scaling of the measurement on the "Channels" chart
to "logarithmic". A linear dependence of the logarithm of counts on absorber layer thickness should be visible. Save the
measurement file to your hard disk drive. Do so for the photo peaks of 1275 keV, 511 keV and 60 keV. (Recording spectra
for a defined time, "Accept data" and integrating over the peak with "Mark" tool and "Show integral" button and
background subtraction has to be done here for correct intensity values for each absorption layer thickness - the Compton
background is the result of higher energetic photons in the detector that get less attenuated.)
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Fig. 6: Example of the integration measurement
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Theory and evaluation

Fig. 5 shows the 2de7cay schemes of the used nuclides. The proportions of the energy scale are nggt7disp|ayed correctly and the
term scheme of Npis stronleﬁimplified - in the experiment only the 59.5 keV radiation of Npis of importance. It is to be
kept in mind that (in the case of ~°'Ba) the exited states of the daughter nuclides can also disintegrate by inner conversion
leading to a strong 32 keV X-ray line. The «x-particles, the electrons and positrons are stopped in the sources, the latter giving
rise to 511 keV annihilation radiation. Only the generated photons reach the detector.

The 7y- and X-ray quanta coming from the sources (- and ﬂ-particles cannot leave covered sources) passing through matter
may undergo mainly these reactions:

They may be diffracted on a crystal lattice without energy loss, which is here therefore not counted for as absorption.

They may be absorbed by an electron transferring all the energy and momentum to the electron which is callec
photoelectric effect. In case of condensed matter, thereafter the electron loses its energy in short time (< 10 s)ona
short path (<1 mm) to the surrounding matter producing mostly heat but maybe also some Cherenkov radiation and a
path of ions or exited states of nearby lattice impurities which afterwards recombine partly emitting visible light. The
photoelectric effect is dominant for small 7y-energies but the cross-section for photoelectric effect strongly decreases for

high ener%ies - the likelihood of an electron to swallow a photon completely is only high if the photon has far less energy
than MeC™.

e Else the y-quanta may interact with electrons exchanging momentum and energy with an electron in an elastic scattering
process which is called Compton scattering. In this process, they lose energy and so this process is counted as absorption -
the y-quanta are no longer found in the energy window where they were emitted. This process contributes to the most to
the total absprption coefficient in the energy range where the photon's energy is comparable to the electron's resting
energy M C" (billiard is played with balls of comparable weights).

e If the y-quanta have more energy than 2 Mo =1022keV, with surrounding matter as third partner for momentum
conservation, pair production of an electron-positron pair is possible. This process gets more likely with increasing energy -
the excess energy separating the reaction products. From the following annihilation of the positron with another electron
originate two 7y-quanta of 511 keV (or with far less probability three y-quanta with in average 341 keV each).
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Fig. 7: Decay schemes of 22-Na, 137-Cs and 241-Am.

For each of the processes the fraction of /y-quanta undergoing an interaction per passed layer thickness Az is constant, it's a
reaction probability it per layer thickness Az for a fixed 7y-energy. For small Az the absorbed part I of the initial intensity
(proportional to the number of y-quanta per unit time) is

Ln=p-I(z) Az
and

Iz +Az)=1(z) — L =I(z) — my - I(z)
thus

I(z+Az)—I(z
%limAm%O:(JrA—w)():—,u,-I(m)

is the differential equation describing the absorption. With the border conditions I(oo) = 0 (after an infinitely thick layer there is
no intensity left) and I(0) = Iy this has the solution
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I(x)=1o-e "

The total absorption coefficient p(E) is seen as sum of absorption coefficients tiph(E) of the photoelectric effect, tco(E) of
the Compton effect and upa(E) of the pair production effect on Fig. 6. In this experiment, the total absorption coefficient is
measured as the slope of a semi logarithmic plot of the intensity vs. the absorption layer thickness for a fixed energy.
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Fig. 8: y-absorption coefficients vs. y-energy.

Use the "Regression" tool to determine the base of the exponential function in the recorded measurements. The number of
shown decimal digits can be altered with the "Information" button. In Fig. 7 the base reads 0.619646 (+ 0.01) thus from

Iy-e "= . /¢
follows

w=—1In(b),
here

p=(0.4840.015) cm ™!

Fig. 9: Results for aluminium.

Plot (1 in dependence of the energy. Fig. 8 shows a possible result.
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Fig. 10: Absorption coefficient y, vs. energy
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